We design a dual-parameter sensor which can simultaneously measure the shape and temperature in the substrate-attaching-fibers sensing system. Two kinds of fibers with different diameter are attached on a shape memory alloy wire substrate with an angle of 90°. The measurement principle is demonstrated in details. Meantime, the fabrication and calibration process are illustrated. A sensor with a length of 150 mm is final made. The maximum measurement errors are 12 mm in position and 0.45°C in temperature.
Introduction
Shape sensing is useful in a wide area of two or three dimensional oriented applications. Shape sensing technology using fibers is particularly useful due to its unique features of being minimal intrusive and almost weightless. It has a promising application on the intellectual instrument, such as minimally-invasive surgical catheter or flexible needles tracking, and the active structural health monitoring [1] - [4] . The common shape sensor is implemented by embedding or attaching the optical fibers on a thin and long substrate [4] - [6] . The shape can be solved by measuring the strain along the fiber due to the bending. However, one of the most significant limitations is that the final reconstructed shape has a big error when the temperature is uneven or varying. This is mainly because the interrogation device is sensitive to both strain and temperature. For example, in the Rayleigh spectrum shift based method [7] , [8] , both strain and temperature appear as the spectral shift, and therefore these two parameters cannot be distinguished. What's more, in some occasions, the shape and temperature need to be measured simultaneously.
In this paper, we design a dual-parameter sensor which can simultaneously measure the shape and temperature. We use two kinds of fibers with different diameter and attach them on a shape memory alloy (SMA) wire substrate. The measurement principle and the configuration of the shape sensor are both demonstrated. With this method, no extra temperature sensor need to be used and the sensor can keep compact as the previous configuration.
Principle
The configuration of the dual-parameter sensor is shown in Fig. 1 . Four fibers are attached along the outside surface of a SMA wire substrate with an angle of 90°from each other. Fiber 1 and 3 are standard SMF. Fiber 2 and 4 are reduced-cladding (RC) fiber with a smaller cladding diameter. Strain and temperature change can cause the Rayleigh spectrum shift (RBS) proportionally and RBS can be measured by the optical frequency domain reflectometry (OFDR) system with a high spatial resolution [8] . The standard SMF and the RC fiber have different sensitivity to strain or temperature variation [9] . The sensitivity of the RC fiber to strain or temperature is higher than that of the standard SMF theoretically [9] . When the shape and temperature change, the following relationship holds on each sensing location,
(1) ν 1,2,3,4 are respectively the Rayleigh spectrum shift of each fiber due to the change of strain and temperature and its unit is Hz. K α1 and K α2 are the strain sensitivity of the standard SMF and RC fiber. ε 1,2,3,4 are respectively the pure strain change due to bending. T is the temperature change. ε 0 is the axial strain experienced by four fibers. K β1 and K β2 are the temperature sensitivity of the standard SMF and RC fiber. The last two equations in (1) are derived from the symmetry of the sensor. Considering the rank of the matrix equals to the unknown numbers, all parameters can be solved and the useful parameters are shown in (2). ε 1,2,3,4 are then used to solve the shape of the sensor using the Frenet Frame demonstrated in [10] . So the spatial shape and the temperature are simultaneously measured.
Experiment

Sensor Fabrication
To fabricate the sensor, the main problem is how to guarantee the relative position of each fiber and the substrate in such a small dimension. Recently, many research groups built the specific assembly setup to ensure the repeatability of the sensor [11] - [13] and these designs gave us a lot of guidance and enlightenment. We designed a fabrication mechanism that is shown in Fig. 2 . The diagram of the device is shown in Fig. 2 (a). The red line is the SMA wire substrate with a normal diameter of 1mm. The black line is the fiber. Here, for the clarity, we just draw up one fiber. Model 2, 3, and 4 are used to align the relative position of the fibers and the substrate. The cross section of them is shown in Fig. 2 (b). Model 5 and 6 are used to stretch the fiber and make it cling to the substrate. First, the fibers are put into the out hole of the models and the SMA substrate is put into the central hole. Then, model 6 will stretch the fibers and make them pass through the thin grooves on the models and cling to the substrate. The thin grooves are a little broader than the diameter of the fibers. Now the relative position between the fiber and the substrate between the fiber and the substrate is guaranteed. When in pasting the fibers, all models except model 3 are fixed on the linear rail. Model 3 slides along the rail slowly and the epoxy glue is dropped on the left of model 3. The glue dropping process is not performed all at once, but segment by segment. Each time only a short segment was glued which is about 2cm. After the careful check and the glue dried up, the model 3 will be moved right and made the next segment with a good alignment and then the segment will be glued. The check process is achieved by a portable microscope and we thought this examination can efficiently check the glue and alignment condition accurately and timely. Fiber 1 and 3 are standard SMFs and their cladding diameter is 125 μm and the coating diameter is 250 μm (YANGTZE inc., G.652.D). Fiber 2 and 4 are the RC fibers and their cladding diameter is 80 μm and the coating diameter is 165 μm (YANGTZE inc., RC1017-F). The Fabrication mechanism is shown in Fig. 2(c) .
The total length of the sensor where the fibers are attaching to the substrate is about 300 mm. The microscope picture of one segment of the fabricated shape sensor is shown in Fig. 3 . We can see that the relative position between the fiber and the substrate is well.
Calibration
After the fabrication of the sensor, we need to make a calibration to the strain and temperature sensitivity. We use the commercial OFDR system ODiSI-A (LUNA inc.) and a four-channel optical switch (LUNA inc.) as shown in Fig. 4 to measure the distributed Rayleigh spectrum shift of each fiber.
First, we calibrate the strain sensitivity. The fiber to be calibrated is placed on the maximum deformation surface of the sensor. The spectrum when in straight is choose as the reference state of the sensor. The temperature was kept constant, and the spectrum frequency shift caused by bending is
K α is the strain sensitivity. ρ is the change of the curvature. r is the distance between the outer fiber center and the substrate center. η is the transfer ratio of strain from the substrate to the fiber. ε is the strain applied on the fiber due to the bending. It should be noted that r has the error because the geometry size diameter of the fiber and substrate are not ideal especially the diameter of the SMA substrate has an uncertainty of about 20 μm. What's more, the transfer ratio η may not a constant because of the non-uniform of the glue and glue dropping. So how to get the accurate K α when we don't know the true value of the r and the η at each sensing position along the fiber? Here, we take all the parameters with its normal value and "transfer" the error of them all to K α . The sensitivity K will have a fluctuation along the fiber and this fluctuation reflects the non-uniform of the sensor. The calibration board is shown in Fig. 5(a) . It is composed of 11 grooves with one straight line and ten arc curves with curvatures ranging from 1 m −1 to 10 m −1 which are made by the laser cutting on an acrylic plate. The Rayleigh spectrum of the straight line is set as the reference. And the spectrum shift is recorded successively when the sensor is placed in the curvature-increasing grooves. The spatial resolution of the fiber sampling is set to 2mm. First fiber 1 and 3 are located on the maximum deformation surface. Fiber 1 is under stress and fiber 3 is under tension. And the spectrum shift of fiber 1 and 3 relative to the reference state are recorded along the fiber respectively. Then the sensor is rotated by 90°and fiber 2 and 4 are then placed on the maximum deformation surface. The spectrum shift of fiber 2 and 4 relative to the reference state are recorded along the fiber respectively. Fiber 2 is under stress and fiber 4 is under tension. After the calibration, we can get K i ,j with a unit of GHz/με where i is the core number of the fiber (i = 1, 2, 3, 4) and j is the position number along the fiber.
The spectrum shift of four fibers are shown in Fig. 6(a)-(d) . It can be seen the spectrum shift is positive when the fiber in stress and negative when the fiber in tension. The spectrum shift of each fiber increases with the curvature increases. What else, although the total length of the sensor is 300mm, only about a half of the spectrum of the sensor are approaching even. The beginning and ending part of the spectrum are rising and falling and it appears an apparent transition section. This is because the strain of the fiber have a gradual change process. What's more, the spectrum of fiber 1, 3 are flatter than that of fiber 2 and 4. We infer that this is because fiber 2 and 4 are at the two sides when in fabrication and therefore have more error. After the least square fitting to the spectrum of each fiber at different curvatures, we get the strain sensitivity of each fiber along its length which is shown in Fig. 6(e) . Two types of fiber differs about 4 times in the strain sensitivity.
Then we calibrate the temperature sensitivity K β . The sensor is put into an oven where the temperature is controlled by a control box precisely which is shown in Fig. 5(b) . The temperature is adjusted from 30°C to 50°C and the increasing interval is 2°C. The spectrum shift of each fiber relative to the reference state (30°C) is recorded successively which are shown in Fig. 7(a), (b) , (c), and (d). After the least square fitting to the spectrum of each fiber at different temperature, we get the temperature sensitivity of each core along the fiber which is shown in Fig. 7(e) . Two types of fiber differs about 1.5 times on the temperature sensitivity.
From Figs. 6(e) and 7(e), we can see the temperature sensitivity has a longer length of flat segment than the strain sensitivity. And we have to choose the common segment as the sensing part for the measurement. The segment from 300 mm to 450 mm is chosen as the sensing segment and the other segments on the sensor have to be discarded.
Measurement
The initial position of the shape sensor was fixed as Fig. 8 by a clamping apparatus. Since no fiber located on the neutral surface, four fibers all have the response signals. The shape and temperature to be measured is shown in Fig. 9(a) . The reference state is recorded when the sensor is straight and the temperature is 25°C. Then the sensor is put into two grooves with curvature of 1 m −1 and 2 m −1 and temperature is set to 30°C and 35°C respectively. The spectrum shift of each fiber relative to the reference state are recorded using ODiSI-A mentioned in Section 3.2. The spatial resolution is set to 2 mm. The strain induced by the bending are solved by the (1) and the spatial position is calculated by the Frenet Frame as demonstrated in [10] . The position error is calculated by the Euler Distance of same position on the ideal and the retrieved position. And the temperature is also solved by (1) .
The error of the spatial position and the temperature is shown in Fig. 9(b) . It can be seen that the position error is increasing along the length. This is due to the accumulation error. The error of the next position is influenced by the error of the last point position. The maximal position error is on the distal end of the sensor and is about 12mm. This is near 10% of the total sensing length. Compared to the other reported results such as the result in [10] which has an error of 7.2% (in that paper, it uses the multi-core fiber rather than the substrate-attaching-fibers, so the relative position of the sensor configuration can be very accurate), the accuracy of the position sensing of the sensor is acceptable. On the other side, the temperature error shows more randomness and fluctuates around zero. The maximal temperature error is about 0.45°C. (e) The temperature sensitivity of each core along the fiber. Part A is the segment which does not put into the even. Part B is the segment which is the sensor. Part C is the segment of the fiber which the ending fiber which does not attach to the SMA. 
Conclusion and Discussion
In this paper, a new configuration of the dual-parameter sensor is proposed and its measurement principle is demonstrated. Compared to the previous configuration which using the same fibers symmetrically attaching on the substrate, the use of two types of fibers with different sensitivities provides more information and realizes the decoupling of shape and temperature. A sensor with a length of 150 mm is final made. The experiment results shows that the maximum measurement errors are 12 mm in position and 0.45°C in temperature.
The error mainly comes from the both the fabrication and the calibration. Although we have designed a dedicated fabrication mechanism, the error of alignment still exist. And when in the calibration or measurement, the sensor may have local torsion. The calibration board is not accurate and the fiber to be calibrated can't be assured at the maximum deformation surface. All this will lead to the error of the calibration coefficient and final decrease the accuracy of the measurement. Compared to the previous technology which use the FBG arrays [5] , [6] where only a few points need to be aligned, this fully distributed measurement can provide more information, but this method need pay much attention to the fabrication process for the reason that the alignment and pasting have to do on the whole sensor. We think the error of the measurement could be further reduced with the improvement of the method of the fabrication and calibration. This will be our future work.
